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(57) ABSTRACT 
A unit for recovering thermal energy which utilizes a 
plurality of unique heat pipes, and the method and ap 
paratus for fabricating the heat pipes is disclosed. The 
heat pipes are disposed horizontally and are filled with 
a volume of working fluid sufficient to cause the liquid 
phase to travel in either direction by gravity. Circum 
ferential capillary grooves in the side walls of the heat 
pipes transport the liquid phase vertically above the 
liquid level to increase the area of the liquid-vapor in 
terface. Additionally, the solid metal strips which form 
the grooves provide a low impedance thermal path 
from the walls of the heat pipe to the liquid-vapor in 
terface where evaporation and condensation occur. 
These two factors significantly increase the efficiency 
of the system. A divider plate having an X-shaped 
cross section separates the liquid phase from the high 
velocity vapor phase to prevent slugging under high 
energy transfer conditions. The divider plate is opera 
tive when the unit is disposed in either of two horizon 
tal positions. 
The method and apparatus provides a means for 
fabricating a spiraled capillary groove by cutting the 
metal from the wall of the tube and raising and folding 
the cut metal over to provide a groove having a 
narrow opening for a maximum capillary action. The 
cutting tool has a curved cutting edge formed by the 
intersection of a planar surface and a cylindrical 
surface. Apparatus for driving the cutting tool is also 
described. 

20 Claims, 13 Drawing Figures 
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3,865, 184 
1. 

HEAT PIPE AND METHOD AND APPARATUS FOR 
FABRICATING SAME 

This is a continuation of application Ser. No. 
13,571, filed Feb. 8, 1971, now abandoned. 
This invention relates generally to heat transfer de 

vices and more particularly to a heat pipe, and to a 
method and apparatus for fabricating the heat pipe. 
A large number of devices have heretofore been pro 

posed which utilizes a sealed system containing a work 
ing fluid having both a liquid phase and a vapor phase 
at the normal operating temperatures. The liquid phase 
exposed to higher temperatures vaporizes while the 
vapor phase exposed to cooler temperatures con 
denses. Until very recently, devices of this type have 
either been able to transfer heat only in one direction 
by using gravity to return the liquid to the warmer end 
of the system, or have required capillary wicks to trans 
port the liquid in all directions. Since the wicks are dif 
ficult and expensive to install properly, this type of de 
vice has found only very limited commercial applica 
tion. 
A co-worker in the field has recently discovered that 

thermal energy can effectively be recovered from the 
air being exhausted from an enclosure and transferred 
to fresh air being introduced to the enclosure on a year 
round basis by utilizing a plurality of bidirectional heat 
pipes. For example, in the summer, incoming hot air 
may be cooled by outgoing cool air, and in the winter, 
incoming cold air may be heated by outgoing warm air. 
In this sytem, a large number of relatively long, small 
diameter heat pipes are provided with fins to provide 
heat exchange with the two air streams. Initially, capil 
lary wicks were provided to transport the liquid phase 
longitudinally of the tubes to provide reversibility and 
was provided around the entire circumference of the 
tube to increase efficiency. It was subsequently discov 
ered that reversible heat pipe action could be achieved 
without the expensive capillary wicks by positioning 
the elongated tubes horizontally and permitting the liq 
uid phase to stand along the entire lengths of the tubes 
so that the liquid would return from either end to the 
other by gravity. Although the elimination of the capil 
lary wicks did decrease the efficiency of each heat pipe, 
this could be partially compensated by increasing the 
number of heat pipes in a unit. The additional heat 
pipes was economically competitive with the lesser 
number of heat pipes having the capillary wicks, but 
had the disadvantage of decreased efficiency, and in 
creased size and weight. 
This invention is concerned with an improved heat 

pipe particularly suited for use in units of the type de 
scribed. The improved heat pipe employs circumferen 
tially extending capillary grooves in the wall of the pipe 
which transport the liquid vertically to increase the 
area of the liquid-vapor interface and also provide a 
low impedance thermal path from the walls of the heat 
pipe through the metal lands to the liquid vapor inter 
face where evaporation and condensation actually oc 
C, 

In accordance with another aspect of the invention, 
the capillary grooves have a cross section characterized 
by a restricted opening for development of maximum 
capillary pumping force with minimum impedance to 
liquid flow to the point of evaporation and are fabri 
cated by a continuous spiral cutting process in which 
material from the interior wall of the heat pipe is cut 
and folded back towards previously cut and folded ma 

5 

O 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
terial. The process utilized a novel tool which is effec 
tive, yet very simple and economical to manufacture. 

In accordance with still another aspect of the inven 
tion, a longitudinally extending horizontally disposed 
plate is positioned in the heat pipe to minimize interac 
tion between the liquid and vapor phases. 
The novel features believed characteristic of this in 

vention are set forth in the appended claims. The in 
vention itself, however, as well as other objects and ad 
vantages thereof, may best be understood by reference 
to the following detailed description of illustrative em 
bodiments, when read in conjunction with the accom 
panying drawings, wherein: 

FIG. 1 is a schematic diagram illustrating a unit for 
recovering thermal energy from exhaust air which uti 
lizes a plurality of heat pipes constructed in accordance 
with the present invention; 
FIG. 2 is a longitudinal sectional view, broken in the 

center, of a single heat pipe constructed in accordance 
with the present invention; 
FIG. 3 is an isometric view disclosing details of the 

construction of the heat pipe illustrated in FIG. 2; 
FIG, 4 is a sectional view taken substantially on lines 

4-4 of FIG. 2; 
FIG. 5 is an enlarged partial sectional view illustrat 

ing a preferred cross-sectional configuration of the cap 
illary grooves of the heat pipe of FIG. 2; 
FIG. 6 is a schematic side elevation of apparatus in 

accordance with the present invention for fabricating 
the heat pipes of FIG. 2; 
FIG. 7 is an enlarged view of a portion of the appara 

tus of FIG. 6, partially broken away to reveal details of 
construction; 
FIG. 8 is a rear view of the cutting tool of the appara 

tus illustrated in FIG. 7; 
FIG. 9 is a side view of the cutting tool illustrated in 

FIG. 8; 
FIG. 10 is an enlarged side view illustrating the 

method of forming the capillary grooves in accordance 
with the present invention utilizing the tool illustrated 
in FIGS. 8 and 9; 
FIG. 10A is a sectional view related to FIG. 10 which 

shows the transposition of metal to form the capillary 
grooves in accordance with the method of the present 
invention; 
FIG. 11 is a plan view of the structure illustrated in 

FIG. 10; and, 
FIG. 12 is a rear view of the structure illustrated in 

FIG 10. 
Referring now to the drawings, and particularly to 

FIG. 1, a unit for recovering thermal energy in accor 
dance with the present invention is indicated generally 
by the reference numeral 10. The unit 10 has a large 
number of bidirectional heat pipes 20, each of which is 
constructed in accordance with the present invention 
as illustrated in FIG. 2. The heat pipes 20 in the unit 10 
are disposed horizontally for purposes which will pres 
ently be described and extends through both inlet and 
outlet air passageways 12 and 14 associated with a 
building or other enclosure 16 wherein the air is to be 
either heated or cooled by conditioning unit 15, de 
pending upon the season, to maintain a predetermined 
temperature within the enclosure. The passageways 12 
and 14 may be disposed horizontally, vertically, or any 
desired angle. 
A typical unit 10 might include from 60 to 100 heat 

pipes 20, one of which is illustrated in detail in FIG, 2. 
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The heat pipe 20 might typically be from 6 to 8 feet in 
length and from one-half to three-quarters of an inch 
in diameter. The heat pipe is typically fabricated of a 
copper tube 22 because of the excellent thermal con 
ductivity and resistance to corrosion of copper. A plu 
rality of conventional heatexchanger fins 24 are 
mounted on the tube 22 in such a manner as to provide 
good thermal transfer from the fins to the tube. The 
ends of the tube 22 are sealed by caps 25 and 26. The 
interior of the tube 22 is first evacuated through a fit 
ting 26, in cap 20, then filled approximately one-third 
full with a suitable working fluid, such as refrigerant 
R12, which is represented by the liquid level 30. Then 
the fitting 28 is permanently sealed such as by crimping 
and soldering. 
The interior wall of the tube 22 is provided with a 

large number of closely spaced circumferentially ex 
tending capillary grooves 32, preferably throughout its 
entire length. When the working fluid is refrigerant 
R12, the capillary grooves 32 may have a peak to 
trough depth on the order of 0.014 inches and a spac 
ing on the order of 0.007 inches. As will presently be 
described, these capillary grooves may be a continuous 
spiral groove to facilitate manufacture, or may be sepa 
rate annular grooves. The capillary grooves 32 prefera 
bly have a cross section characterized by an opening of 
reduced width, such as that shown in FIG. 5, where it 
will be noted that the opening 34 is narrower than the 
width of the groove at 36, for example. This cross 
sectional configuration provides optimum capillary ac 
tion to transport liquid at the maximum rate. Addition 
ally, the metal strips or lands which form the grooves 
provide a low thermal impedance path from the heat 
pipe walls to the liquid-vapor interface where evapora 
tion and condensation occur. 
A flow divider 40 extends for a substantial portion of 

the length of the tube 22. The flow divider has a hori 
zontally disposed plate 42 which extends across sub 
stantially the entire diameter of the pipe. The flow di 
vider 40 includes a similar plate 44 disposed at a right 
angle to plate 42. The resulting X-shaped cross section 
permits the heat pipe, and thus the unit 10, to be in 
stalled in either of two positions, yet still provides a 
horizontal divider plate. In addition, the X-shaped 
cross section insures proper positioning of the flow di 
vider and can be economically fabricated by extrusion, 
and is relatively rigid. 

In operation, assume first that the incoming air in 
passageway 12 is warmer than the outgoing air in pas 
sageway 14. In this case, the liquid phase at the ends of 
the heat pipes 20 disposed within the passageway 12 
will be vaporized. Since the surface 30 of the liquid 
phase is in the lower half of the tube, the vapor is free 
to travel through the upper half of the tube to the oppo 
site ends of the heat pipes where it is condensed by the 
cooler air flowing through passageway 14. As the work 
ing fluid vapors are condensed, the liquid then returns 
along the bottom of the tube by gravity because the 
tube is substantially level. The efficiency of the tube 
can be reduced as desired for some applications by tilt 
ing the heat pipes so that a portion of the evaporator 
section is starved of liquid. 
Although the capillary grooves 32 may be a continu 

ous spiral, no longitudinal transport of the liquid is pro 
duced by these grooves. The capillary grooves 32 do, 
however, transport the liquid phase of the working fluid 
upwardly above the liquid level 30 to substantially in 
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4 
crease the area of the liquid-vapor interface throughout 
its length. If the incoming air in passageway 12 is colder 
than the outgoing air in passageway 14, then the right 
hand end of the heat pipes 20 become the evaporator 
sections, and the left hand ends become the condensing 
sections and the flow of the working fluid in the vapor 
and the liquid phases is reversed. As a result, no switch 
ing of the air flow or change in the operation of the de 
vice is required as the seasons change. 
When high temperature gradients exist between the 

air in the passageways 12 and 14, such as will exist 
when the incoming air is below freezing and the outgo 
ing air is between 70 and 80° F., the high volumes of 
vapor generated will flow at high velocity from the 
evaporator section to the condenser section. In heat 
pipes without the flow divider 40, this is likely to cause 
wave build-up in the liquid returning along the bottom 
of the tubes. When the waves become high enough to 
reach the top of the tube, the liquid is moved in slugs 
thus limiting the vapor velocity to that of the liquid 
slugs. This reduces the volume of vapor that is trans 
ferred to such a low level that any significant thermal 
transfer ceases. 
The horizontal plate 42 of the flow divider 40 parti 

tions the vapor in the upper half of the tube from the 
liquid in the lower half, thus tending to prevent wave 
build-up on the upper half with consequent slug flow of 
the liquid. The vertical plate 44 does not effect this op 
eration, but acts as a stiffener and locator for the hori 
zontal plate 42. In addition, the vertical plate 44 may 
become the horizontal plate if the unit 10 is rotated 90° 
upon installation. Thus the unit 10 can be installed to 
accommodate either horizontally disposed or vertically 
disposed passageways 12 and 14. Of course, other ori 
entations of the unit 10 can be provided if the plates 42 
and 44 are appropriately positioned within the tubes. It 
will be noted that the edges of the plates 42 and 44 can 
extend into contact with the walls of the tube 22 with 
out interrupting either the upward or downward flow of 
the liquid through the capillary grooves 32. This per 
mits the divider 40 to be extruded as a continuous cross 
section without any openings or notches along its edges 
to permit the liquid to flow around the edges of the 
plate, although notches can also be provided if re 
quired. 
The capillary grooves 32 of the heat pipes 20 can be 

fabricated in accordance with the method and appara 
tus of the present invention illustrated in FIGS. 6-12. 
As illustrated in FIG. 6, the unit 10, before the ends of 
the tubes 22 are sealed, is supported on the table 50 of 
a conventional lathe 52. The drive shaft 55 of a gear 
box 56 is placed in the chuck of the lathe. The gear box 
56 has six output shafts 58 which extend through six of 
the tubes 22 of the unit 10. The shafts 58 may be sup 
ported by suitable guides (not illustrated). As the shafts 
58 are rotated, the table 50 moves the unit 10 away 
from the drive mechanism 54 at a predetermined rate 
determined by the desired pitch of the spiral groove 32. 
As illustrated in FIG. 7, the end of each shaft 58 is jour 
naled in a guide bushing 62 which is closely fitted 
within the tube 22 to precisely center the shaft. The 
bushing 62 slides through the tube 22 as the unit 10 is 
moved away from the drive mechanism 54 and is, 
therefore, made of a slightly deformable low friction 
material such as Nylon or Teflon. A tool holder 64 is 
inserted in a socket 66 in the end of the shaft 58, and 
is secured in place by a conventional quick connect 
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coupling including the pin 68. A cutting tool 70 is se 
cured within the holder 64 by a set screw 72. 
The tool 70 which is shown in detail in FIGS. 8 and 

9 has an elliptically curved cutting edge 78 formed by 
the intersection of a planar surface 76 with the cylindri 
cal surface 74 of the body of the tool. The set screw 72 
engages a flattened surface 80 on the cylindrical body 
to position or index the cutting edge 78 at the proper 
angle so that the tool 70 will cut and shape the capillary 
grooves as will now be described in connection with 
FIGS. 10-12. 

In FIG. 10, the surface 22A represents the interior 
surface of the wall of the tube 22. The cutting tool 70 
is illustrated as moving away from the observer, i.e., 
into the page, relative to the tube wall 22. The tool 70 
is positioned such that the major axis of the ellipse 
formed by the intersection of the flat surface 76 and the 
cylindrical surface is pitched slightly forward of a right 
angle to the path of the tool as represented by angle a 
in FIG. 11. Thus, the flat surface 76 faces slightly rear 
wardly as illustrated in FIG. 10, so that cutting edge 78 
engages the metal of the tube 22. The cutting edge 78 
first engages the surface 22a at point 82 (also seen in 
FIGS. 11 and 12). As the cutting edge 78 proceeds, a 
strip of metal is plowed away from the main body of 
metal and transposed into the upright position illus 
trated in FIG. 10. The transposition of the material is 
illustrated in FIG. 10A where portions A, B, C and D 
of the surface 22a are successively moved to positions 
a, b, c and d, respectively, which are shown in dotted 
lines. The surfaces a, b, c and d are shown in solid lines 
in FIGS. 10 and 11. 
Examination of FIGS. 10 and 10A reveals that the el 

liptical cutting edge 78 formed on the tool 70 produces 
grooves having a cross section with an opening that is 
significantly narrower than the width of the lower part 
of the groove for maximum capillary action. It will be 
noted that no metal is removed by the process. Instead, 
the metal is cut along a spiral line and folded upwardly 
to form the grooves. It will be noted that the shape of 
the bottom of the grooves corresponds approximately 
to the profile of the elliptical surface 76 when viewed 
from the rear of the tool as it moves through the metal. 
The curved profile of the upstanding tongues of metal 
on either side of the grooves results from the cylindrical 
surface of the tool body progressively forcing and dis 
placing the metal laterally, thus maintaining the lower 
part of the groove open as the upper part is closed. 
Since no metal is removed from the interior of the 

tubes, it is unnecessary to follow the cutting tool 70 
with a cleaning fluid. Because the cutting operation is 
carried out within a heat exchange tube, the tube can 
be cooled by air in heat exchange relationship with the 
exterior of the tube. Cooling is, of course, enhanced by 
the fins 24 which are in heat exchange relation to the 
tube. In accordance with the method of the present in 
vention, it is important to cut the grooves without using 
a liquid for lubricating or cooling the tube. If an oil or 
other liquid is used for these purposes, the capillary ac 
tion of the grooves makes cleaning difficult. The resi 
due of the liquid tends to interfere with further chemi 
cal treatment of the interior surface of the tubes and 
can ultimately effect the operation of the system. 
After the grooves are dry-cut, the interior surface on 

the grooves 32 can be more easily processed by chemi 
cals to oxidize the copper and improve the surface wet 
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6 
ting characteristics of the device in a manner known in 
the metal finishing art. 
The size, pitch and cross-sectional geometry of the 

capillary grooves 32 can be varied to provide the opti 
mum capillary action for different working fluids by 
varying the size, shape and orientation of the cutting 
tool. The optimum size and shape of the capillary 
grooves can be determined mathematically from infor 
mation relating to surface tension phenomena available 
in the literature. 
Although the invention described herein is particu 

larly suited to sealed heat transfer systems, the various 
features are also useful in heat exchangers generally. 
For example, the integral strips a, b, c, d, etc. form inte 
gral fins which decreases the thermal impedance in the 
path from the wall of the tube to the liquid-vapor inter 
face without introducing a metal-to-metal interface 
which would otherwise form a thermal barrier as in 
more conventional wick installations. Similar fins can 
also be formed on the exterior surface of a tube to form 
capillary grooves. The capillary grooves may be used in 
any boiler or evaporator system having both liquid 
phase and vapor phase in the same chamber. The flow 
divider 42 is also useful in dual phase systems generally. 

It should also be noted that a plurality of the cutting 
tools 70 can be mounted in radially staggered relation 
ship in a single holder 60 to make successive spiral cuts. 
Thus, if three cutting tools are used, for example, the 
pitch of the grooves would be tripled and the time re 
quired to cut the grooves reduced to one-third that re 
quired to cut a single spiral groove. 
Although preferred embodiments of the invention 

have been described in detail, it is to be understood 
that various changes and substitutions can be made 
therein without departing from the spirit and scope of 
the invention as defined by the appended claims. 
What is claimed is; 
1. The thermal transfer device comprising: 
a generally straight, tubular sealed envelope having 

walls and at least two sections between which ther 
mal energy is to be transferred, 

a working fluid having a liquid phase and a vapor 
phase at the operating temperature of the device, 
the liquid phase standing in at least one section to 
a level less than the height of the portion of the en 
velope forming the section, and 

a plurality of capillary grooves having openings nar 
rower than other portions of said grooves formed 
in the walls of the envelope in at least said one sec 
tion for transporting the liquid phase upwardly 
above the level of the liquid phase in said one sec 
tion by capillary action. 

2. The thermal transfer device of claim 1 wherein the 
envelope is generally tubular in said at least one section 
and the capillary grooves extend substantially around 
the interior surface of the tubular section. 

3. The thermal transfer device of claim 2 wherein the 
capillary grooves are formed in a substantially continu 
ous spiral. 
4. The thermal transfer device of claim 2 wherein the 

envelope is cylindrically shaped in said at least one sec 
tion. 

5. The thermal transfer device of claim 1 wherein; 
the liquid phase of the working fluid stands at a com 
mon level within both said at least two sections in 
termediate the lower and upper limits of the por 
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tions of the envelope forming the respective sec 
tions, and 

there are capillary means formed in the walls of the 
envelope at both of said at least two sections for 
transporting the liquid phase upwardly above the 
level of the liquid phase in the respective sections. 

6. The thermal transfer device of claim 5 wherein the 
envelope is generally tubular in each of said at least two 
sections and the capillary grooves extend substantially 
around the interior surface of the section. 

7. The thermal transfer unit of claim 6 wherein the 
envelope is cylindrically shaped in each of the sections. 

8. The thermal transfer device of claim 6 wherein the 
capillary groove in each of the sections is a substan 
tially continuous spiral groove. 

9. The thermal transfer device of claim 1 wherein the 
envelope is a generally horizontally disposed tubular 
member having sealed ends. 

10. The thermal transfer device of claim 9 wherein 
the tubular member is cylindrically shaped. 

11. The thermal transfer device of claim 9 wherein 
the capillary means extends substantially the length of 
the tubular member. 

12. The thermal transfer device of claim 11 wherein 
the capillary means comprises a plurality of circumfer 
entially extending capillary grooves. 

13. The thermal transfer device of claim 12 wherein 
the capillary means comprises a substantially continu 
ous spiral capillary groove. 

14. The thermal transfer device of claim 9 further 
characterized by means for partitioning the tubular 
member to partially separate the longitudinal flow of 
the vapor phase in the upper portion of the tubular 
member from the liquid phase in the lower portion. 

15. The thermal transfer device of claim 14 wherein 
the partitioning means comprises a generally horizon 
tally disposed plate extending substantially transversely 
across the tubular member and longitudinally along a 
substantial portion of the tubular member. 

16. The thermal transfer device of claim 15 wherein 
the partitioning means comprises a member extending 
longitudinally of the tubular member having a generally 
horizontally disposed plate member and a generally 
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8 
vertically disposed plate member, at least one of the 
plate members extending into contact with the side 
walls of the tubular envelope to support the partition 
ing means. 

17. The thermal transfer device of claim 16 wherein 
the tubular member is generally cylindrical, 
the plurality of capillary grooves extend circumferen 

tially around the interior surface of the tubular 
member, and 

the partitioning means includes a generally horizon 
tally disposed plate and a generally vertically dis 
posed plate each extending substantially across a 
diameter of tubular member and along a substan 
tial portion of the length of the tubular member. 

18. The thermal transfer device comprising 
an elongated generally horizontally disposed sealed 
envelope, 

means partitioning the envelope longitudinally into 
upper and lower sections, 

a working fluid within the envelope having a liquid 
phase and a gas phase at the operating temperature 
of the device, the liquid phase being limited to the 
lower section, and 

a plurality of capillary grooves having openings nar 
rower than other portions of said grooves formed 
in the walls of at least one portion of the tubular 
member for transporting the liquid phase from the 
lower section to the upper section. 

19. The thermal transfer device of claim 18 wherein 
the envelope is a generally cylindrical tubular member 
having sealed ends, 
the capillary grooves comprise a plurality of circum 

ferentially extending capillary grooves formed in 
the interior wall of the tubular member, and 

the partitioning means comprises generally horizon 
tally disposed plate means extending transversely 
and longitudinally of the tubular member. 

20. The thermal transfer device of claim 19 wherein 
the partitioning means includes generally vertically dis 
posed plate means extending transversely and longitu 
dinally of the tubular member. 
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